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Neutron scattering has been used to study the structure and spin dynamics of La0.85Sr0.15MnO3. The mag-
netic structure of this system is ferromagnetic belowTC.235 K. We see anomalies in the Bragg peak inten-
sities and new superlattice peaks consistent with the onset of a spin-canted phase belowTCA;205 K, which
appears to be associated with a small gap atq5(0,0,0.5) in the spin-wave spectrum. Anomalies in the lattice
parameters indicate a concomitant lattice distortion. The long-wavelength magnetic excitations are found to be
conventional spin waves, with a gapless (,0.02 meV) isotropic dispersion relationE5Dq2. The spin stiffness
constantD has aT5/2 dependence at lowT, and the damping at smallq follows q4T2. An anomalously strong
quasielastic component, however, develops at small wave vector above;200 K and dominates the fluctuation
spectrum asT→TC . At largerq, on the other hand, the magnetic excitations become heavily damped at low
temperatures, indicating that spin waves in this regime are not eigenstates of the system, while raising the
temperature dramatically increases the damping. The strength of the spin-wave damping also depends strongly
on the symmetry direction in the crystal. These anomalous damping effects are likely due to the itinerant
character of theeg electrons.@S0163-1829~98!02945-2#
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INTRODUCTION

The correlated dynamics of spins and charges near
Mott transition in doped lanthanum manganit
La12xAxMnO3 ~Ref. 1! has generated continued intere
both because these systems exhibit anomalously large m
netoresistance effects near the Curie temperature,2,3 and be-
cause the physics of this class of materials is related to
high-Tc superconducting copper oxides. Like the cuprat
these materials are in the vicinity of an insulator-metal tr
sition, as well as magnetic and structural instabilities, wh
to date no superconductivity has been found. Rather, t
exhibit exotic properties such as a dramatic increase in
conductivity when the system orders ferromagnetically,
ther by cooling in temperature or by applying a magne
field. It has been suggested that an understanding of t
materials must include, in addition to the double-exchan
mechanism4 and strong electron correlations,2 a strong
electron-phonon interaction.5 Cooperative Jahn-Teller~JT!
distortions associated with the Mn31 JT ions have been evi
denced from structural studies at low doping, where the s
tem is insulating and antiferromagnetic, and may be an
portant contribution to orbital ordering, double exchan
and related spin ordering and transport properties observe
higher concentrations. As the doping concentrationx in-
creases, the static JT distortion weakens progressively
the system becomes metallic and ferromagnetic. It is
lieved that in the absence of a cooperative effect in this
gime, local JT distortions persist on short time and len
scales. These short-range correlations, together with the
PRB 580163-1829/98/58~22!/14913~9!/$15.00
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tron correlations, would create the effective carrier mass n
essary for large magnetoresistance. The existence of st
electron correlations is expected to affect the magnetic or
ing and the magnetic excitation spectrum, and thus the s
dynamics can provide crucial information for determinin
the itinerancy of the system and the importance of the e
tron correlations.

A number of inelastic neutron-scattering studies of t
spin dynamics has been carried out in these systems,
most of them were carried out either in the strongly dop
regime, or in the lightly doped limit, and only a few of the
investigated the spin-wave dispersion to the zo
boundary.6–9 These studies suggested essentially stand
spin dynamics of a conventional metallic ferromagnet, e
cept for the Ca-doped samples8 and, more recently, for
Nd0.7Sr0.3MnO3 and Pr0.7Sr0.3MnO3,

10 where coexistence o
spin-wave excitations and a spin-diffusion component w
observed in the ferromagnetic phase. Perringet al.9 used
pulsed neutron scattering to measure the spin-wave dis
sion throughout the Brillouin zone of La0.7Pb0.3MnO3, and
concluded that a simple isotropic Heisenberg Hamilton
with only nearest-neighbor coupling could account for t
entire dispersion relation. They did not observe any intrin
linewidths at low temperature, possibly because of the coa
resolution needed to observe the high-energy spin wa
They did observe, however, an unusual broadening of
high-energy spin waves at elevated temperatures.

At the other end of the (x,T) phase diagram, the system
semiconducting for low doping concentrations, with a can
spin structure.11,12 The spin dynamics are highly anisotrop
14 913 ©1998 The American Physical Society
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and are described by a strong in-plane ferromagnetic
change coupling and a weak out-of-plane antiferromagn
coupling. The ferromagnetic coupling in this limit resul
from orbital ordering in agreement with Goodenoug
Kanamori rules. Substituting La with Sr introduces dop
holes in the system, but also lattice distortions that mod
the overlap of the orbitals. Thus a clear competition ari
between the orbital-ordering inducing antiferromagnetic
ferromagnetic correlations and the double-exchange me
nism, which favors ferromagnetic correlations. It is therefo
of great interest to elucidate the crossover mechanism f
the weakly doped to the strongly doped limit. In the interm
diate doping regime we expect to see a strong deviation f
the double-exchange model prediction for the spin-wa
spectrum.

So far, no results on the spin dynamics in the intermed
doping regime have been reported. We have therefore
centrated on La0.85Sr0.15MnO3. We find that the long-
wavelength magnetic excitations are conventional s
waves at lowT, while for T→TC an anomalously strong
quasielastic component develops at small wave vectors
dominates the fluctuation spectrum. In the large wave-ve
regime very large intrinsic linewidths develop with increa
ing q in the ground state of this system, and we find that
strength of this damping depends strongly on the symm
direction in the crystal. This demonstrates that conventio
magnons are not eigenstates of this system at largeq, which
is in contradiction to the expectations for a standard Heis
berg model, or a simple one-band, fully polarized doub
exchange~half-metallic! ferromagnet. We also find that in
creasing the temperature dramatically reduces the lifetim
the large-q magnetic excitations, indicating that there a
strongly temperature-dependent contributions to the s
wave damping as well. These anomalous damping effects
likely due to the itinerant character of theeg electrons. From
the structural point of view, we observe anomalies in
Bragg peak intensities accompanied by the appearanc
superlattice peaks indexed with respect to the orthorhom
Pbnm cell as (0 0l ) with l 5odd or (h61/2,k61/2,0) in
related twin domains. These are consistent with the onse
a spin-canted phase belowTCA5205 K, as previously sug
gested by Kawanoet al.13 The superlattice peaks are e
tremely weak, indicating that this subtle distortion of t
magnetic structure can be treated as a small perturbatio
the purely ferromagnetic arrangement. Anomalies in the
tice parameters indicate a concomitant structural distort
Other strong superlattice peaks, indexed as (h,k,l 61/2) or
(h61/4,k61/4,0) in related twin domains, have been r
ported by Yamadaet al., and interpreted as the manifestatio
of a polaron lattice that would form below 190 K. We did n
observe such strong peaks in ourx50.15 sample using neu
tron scattering, but we did observe weak and broad pe
using synchrotron x-ray scattering, which in addition p
sented strong irradiation effects. A comprehensive anal
of these superlattice peaks is in progress.14 We note that
preliminary results of our studies have been repor
previously.15,16

EXPERIMENT

The single crystal of La0.85Sr0.15MnO3 used in the presen
inelastic neutron-scattering experiments was grown in L
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oratoire de Chimie des Solides, Orsay, France, using
floating-zone method. The crystal is 5–6 mm in diameter a
3 cm in length and weighs 6.5 g. It was oriented such that
@010# and @001# axes of the orthorhombicPbnm cell lie in
the scattering plane. The inelastic measurements repo
here were performed on the BT-2, BT-4, BT-9~thermal
beam!, and NG-5~cold source! triple-axis spectrometers a
the NIST research reactor. In order to reduce extinction
fects, the diffraction experiments were carried out on a mu
smaller single crystal weighing 0.3 g, grown under the sa
conditions. In all cases pyrolytic graphite~PG! ~0 0 2! has
been used as an analyzer. As monochromator, the sam
flection was used on the BT-2, BT-9, and NG-5 spectro
eters, while the copper~2 2 0! reflection was used on BT-4 to
investigate the higher energy excitations. Either PG or c
Be filters were used as appropriate, along with a variety
collimator combinations.

STRUCTURE AND MAGNETIC ORDER

La0.85Sr0.15MnO3 has a high-temperature rhombohed
phase (R3̄c), and undergoes a structural phase transition
TS5360 K to an orthorhombic phase (Pbnm), as shown in
Fig. 1~a!. In the paramagnetic phase the resistivity of th
system initially increases with decreasing temperature,17,18

but then shows an abrupt drop associated with the onse
ferromagnetic long-range order atTC5235 K, as confirmed
by magnetization measurements versusT obtained from
Bragg scattering@see Fig. 1~b!#. At a lower temperature
around 205 K, the resistivity exhibits a fairly sharp uptu
accompanied by anomalies in the Bragg peak intensities
the appearance of superlattice peaks, consistent with a s
distortion of the magnetic structure belowTCA.205 K ~Ref.
13! and a possible structural distortion,14 as described below
These superlattice peaks are weak, arising from a small
turbation of the ferromagnetic~FM! structure, and thus from
the dynamical point of view this system is a ferromagnet t
good approximation throughout the magnetically orde
state.

The integrated intensity of the~0 2 0! ferromagnetic
Bragg reflection as a function of temperature is shown in F
1~b! ~closed squares!. This reflection has a weak nuclea
structure factor, and therefore has a small intensity in
paramagnetic phase. BelowTC , magnetic scattering due t
the ferromagnetism of spins aligning on the manganese
oms produces a magnetic structure factor and results in
increase of intensity. The data in Fig. 1~b! are the same on
warming and on cooling, with no visible hysteresis. It is th
very likely that this ferromagnet exhibits a second-ord
phase transition. Nevertheless, these data cannot be us
extract a critical magnetic exponentb, because of the
anomaly we see below 210 K. There is a loss of intensity
the ~0 2 0! reflection which coincides, on one hand, with th
upturn in the resistivity and, on the other hand, with t
appearance of weak superlattice peaks at antiferromagn
Bragg points along thec direction, such as the~0 0 3! reflec-
tion, also represented in Fig. 1~b! ~closed circles!. Note the
factor of ten difference in intensity scales, with the~0 0 3!
intensity being more than an order of magnitude lower
strength. In thePbnmsymmetry, (0 0l ) nuclear reflections
with l 5odd are not allowed, and we see in Fig. 2 that th
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PRB 58 14 915STRUCTURE AND SPIN DYNAMICS OF La0.85Sr0.15MnO3
is no significant scattering present atQ5(0 0 3) at 215 K.
The appearance of such new reflections indicates that a
ond phase transition occurs atT;205 K, of magnetic and/or
structural nature. We can readily discard the possibility t
the Bragg peaks at (0 0l ) with l 5odd come from a second
distinct phase present in the sample, because the 205 K
sition is also evident in the~0 2 0! reflection. These data ar
consistent with the onset of a canted spin structure at 20
Indeed, the canting of spins would result in a small antif
romagnetic moment at the expense of a reduction in the
romagnetic moment~see Fig. 3!. We estimate the cant angl
to be 9.4°60.8°. In the double-exchange model holes c
only hop if adjacent spins are aligned, and the onset of
romagnetism at 235 K gives rise to a metallic-like behav
of the resistivity. At 205 K, a residual superexchange int
action ~left over from the low-doping limit! cants the spins
away from the perfect ferromagnetic arrangement. The a
ferromagnetic~AF! component suppresses the metallic st
by reducing the matrix elements of electron hopping betw
Mn sites, thus explaining the upturn in the resistivity.

FIG. 1. ~a! Temperature dependence of the~1 2 0! nuclear
Bragg reflection which is allowed only in the orthorhombic stru
ture. The system undergoes an abruptR-to-O8 structural phase tran
sition at TS.360 K. The~1 2 0! reflection reacts both atTC and
TCA , indicating a coupling between the lattice and the magn
system.~b! Temperature dependence of the~0 2 0! ferromagnetic
peak and~0 0 3! AF peak. Note that the onset of AF intensi
occurs atTCA,TC and coincides with a break in the ferromagne
intensity consistent with a reduction in the FM moment due t
canting of spins. Note also the factor of ten difference in intens
scales, with the~0 0 3! intensity being about 40 times weaker tha
the ~0 2 0! intensity.
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similar behavior has been observed forx50.1 and 0.125.13

The new type of magnetic long-range order that occurs
low TCA appears to be accompanied by the opening o
small gap atq5(0,0,0.5) in the spin-wave spectrum, and
a lattice distortion as described below.

Figure 1~a! shows the integrated intensity of the~1 2 0!
nuclear Bragg reflection, which is allowed only in the orth
rhombic symmetry. Therefore, there is no intensity obse
able on cooling untilTS;360 K, where a sharp increas
occurs when the system undergoes the rhombohedra
orthorhombic structural phase transition. Upon cooling f
ther, we see that the intensity of the~1 2 0! reflection starts
decreasing atTC5235 K, reaches a local minimum atTCA ,
and then starts increasing again. This break in the intensit
the ~1 2 0! reflection corresponds closely to the anomaly
the ferromagnetic~0 2 0! peak and indicates a coupling be
tween the magnetic system and the lattice. Therefore,
new type of magnetic order that appears atTCA is accompa-
nied by a lattice distortion, also evident in anomalies of t
lattice parameters, as shown in Fig. 4~a!. Thea andb lattice
parameters determined from single-crystal diffraction
shown vsT in Fig. 4. AboveTC , the difference betweena
andb is large, indicating that the system is in the distorte
perovskite orthorhombic O8 phase. Upon approachingTC ,
both a and b start decreasing abruptly, but have oppos

c

a
y

FIG. 2. Temperature dependence of the profile of the~0 0 3!
reflection. There is no significant scattering at 215 K (,TC

5235 K).

FIG. 3. Schematic illustration of the magnetic structure
La0.85Sr0.15MnO3: ~a! purely ferromagnetic forTCA<T<TC ; ~b!
spin canted belowTCA . The cant angle is small, (9.4°60.8°),
resulting in a small antiferromagnetic component.
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14 916 PRB 58L. VASILIU-DOLOC et al.
variations belowTC , with a maximum ina and a minimum
in b half way betweenTC and TCA . Below 200 K the dif-
ference betweena andb becomes very small, suggesting th
the system releases the lattice distortions and goes into
undistorted-perovskite orthorhombic O* phase. Due to the
uncertainty in assigninga andb from single-crystal diffrac-
tion on a twinned sample, it is possible that the situat
described in Fig. 4~b! is realized, where there is a crossov
betweena andb at TC . In this case, upon approachingTC ,
a increases andb decreases sharply, they cross atTC , and
continue their variation with the same slope until they rea
a maximum and a minimum, respectively, before their va
tion changes sign. The upturn in resistivity coincides w
TCA and with the lower structural transition temperature
the O* phase wherea and b become equal, the same a
observed for thex50.125 system.19 But unlike the structural
phase diagram proposed by Kawanoet al.,19 we find thex
50.15 system to be in the O8 phase aboveTC , not in the O*
phase. It is clear so far that the La12xSrxMnO3 system in the

FIG. 4. Temperature dependence of thea andb lattice param-
eters showing the strong reaction of the lattice atTC and TCA . a
andb are very different aboveTC ~the system is in the orthorhom
bic O8 phase!, then the ferromagnetism drastically suppresses
static lattice distortion anda andb become almost equal atTC , but
next the precursor effects of the phase transition atTCA distort the
lattice once more, before releasing the lattice distortion almost c
pletely belowTCA . Due to the uncertainty in identifyinga and b
from single-crystal diffraction on a twinned sample, the situat
described in~b! may be realized, where there is a crossover betw
a andb at TC .
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concentration range 0.10<x<0.17 is in the vicinity of struc-
tural and magnetic instabilities. This only makes it more d
ficult to sort out all the subtleties of the magnetic and str
tural phase diagram in this region, and further work may
needed to produce a reliable phase diagram for this sys
for example by exploring a fine mesh of concentrations
stead of drawing conclusions based on the study of a
selected doping levels.

The resistivity upturn for thex50.10 and 0.15 system
has been associated by Yamadaet al.20 with the onset of a
polaron-ordered phase with the periodicity 2a32b34c in
the cubic perovskite cell. These authors have based their
clusion on the observation of superlattice peaks indexed
(h61/4,k61/4,0) or (h,k,l 61/2) in a multidomain crystal
composed of microtwins. We have carried out a thorou
search for such superlattice peaks using neutron scatte
and have not found any. Therefore, we cannot confirm
model proposed by Yamadaet al. It is possible that this dis-
agreement arises from slightly different nominal compo
tions and/or from the difficulty to index the numerous refle
tions in a multidomain crystal, as the one used by Yama
et al. The possible existence of phases with compositio
modulations in single crystals grown using different tec
niques, or a short-range order of the doping element its
could produce superlattice peaks as well. It is also kno
that these materials can easily incorporate vacancies w
could lead to ordered defects. Using synchrotron x-ray s
tering we observed weak and broad superlattice peaks a
positions indicated by Yamadaet al., suggestive of a short
range order in the system, but it necessitated the high
from a synchrotron source to reveal them. The doping ra
0.10<x<0.17 is a critical concentration regime in the sen
that the magnetic and nuclear structure vary rapidly withx.
Nevertheless, the average nuclear structure of this system
been well established. This is why it is surprising that Y
madaet al. present data showing~1 0 0! reflections in the
orthorhombic phase of their samples, much stronger than
~2 0 0! reflection. In the orthorhombicPbnmsymmetry this
type of reflection is not allowed.

In conclusion, we believe that the upturn in the resistiv
corresponds to the onset of an AF component atTCA . We
emphasize that the AF component is small, arising from
small perturbation of the FM structure, and thus the s
dynamics of thex50.15 system of present interest can
treated to a good approximation as a ferromagnet through
the magnetically ordered phase.

SPIN DYNAMICS

Small wave-vector regime

We have investigated the spin dynamics in the~0,1,0! and
~0,0,1! high-symmetry directions of the orthorhombic un
cell @which are the~1,1,0! and~0,0,1! cubic directions#. The
ground-state spin dynamics for a half-metallic ferromag
was not expected to differ much from the conventional p
ture of well defined spin waves, and we found that the lon
wavelength magnetic excitations were in fact the usual
drodynamic spin waves, with a dispersion relation given
E5E01Dq2, whereE0 is the spin-wave energy gap andD
is the spin stiffness constant. In order to set an upper limit
the value of any energy gapE0 , we have performed very
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PRB 58 14 917STRUCTURE AND SPIN DYNAMICS OF La0.85Sr0.15MnO3
high-resolution inelastic measurements on the NG-5~SPINS!
cold-neutron triple-axis spectrometer. Figure 5~a! illustrates
the measured spin-wave dispersion relation along the~0,0,1!
direction at 10 K and 220 K. The spin-wave energies ha
been obtained from least-squares fits of the data to the
persion relation convoluted with the instrumental resoluti
The solid curves are fits toE5E01Dq2. The fitted value of
E0 at 10 K is 0.01960.04 meV, where the quoted error in
cludes only statistical errors. The negligible value ofE0 in-
dicates that this material is a prototypical isotropic ferrom
net, comparable to the soft amorphous ferromagn
Previous studies have shown that the undoped system
Jahn-Teller distorted perovskite that consists of sheets of
romagnetic spins in theab plane that are coupled antiferro
magnetically along thec axis. The spin-wave energy gap
;2.5 meV forx50, and then decreases continuously withx
and becomes zero forx.0.1 as the antiferromagneticc-axis
interaction changes sign and becomes ferromagnetic.11,12The
present measurements confirm thatx50.15 belongs to the
ferromagnetic doping concentration range for which
spin-wave energy gap is essentially zero. The fitted val
for the spin stiffness constantD are 94.8761.18 meV Å2 at
10 K, and 40.5360.13 meV Å2 at 220 K. The low-
temperature value of the spin stiffness constant gives a r
of D/kBTc;4.6 Å2. We can also see that energies forq

FIG. 5. ~a! Spin-wave dispersion along~0,0,1! in the long-
wavelength limit at 10 K~open circles! and 220 K~closed circles!.
Solid curves are fits toE5E01Dq2. ~b! The spin-wave stiffness
coefficient in the~0,1,0! ~closed circles! and ~0,0,1! ~open circles!
directions vsT. The solid curves are fits to Eq.~1!. For T.200 K
the measured values ofD depart from theT5/2 dependence and th
dashed curves are fits to a power law.
e
is-
.

-
s.

a
r-

e
s

tio

.0.15 depart from theq2 dependence, as higher-order term
in the power-law expansion of the dispersion relation b
come significant, as expected.

Similar data have been obtained along the~0,1,0! direc-
tion, and Fig. 5~b! plots the temperature dependence of t
stiffnessD in both directions. This result shows that the e
change interactions~as estimated from the long-waveleng
spin dynamics! are remarkably isotropic, and demonstrat
again that the dimensional crossover from the tw
dimensional~2D!-like planar ferromagnetic~in the A-type
AF ordering! to the 3D isotropic ferromagnetic charact
takes place at concentrations lower thanx50.15, probably
x;0.1,11,12 where the system still behaves like a semico
ductor. It is thus interesting to note that the metallic ferr
magnetic features in the spin dynamics appear at lower d
ing concentrations than the compositional insulator-me
transition atx;0.17, above which the canting transition
no longer observed at anyT. This observation supports th
conjecture that the insulator-metal phase boundary is actu
located atx50.1 in the La12xSrxMnO3 system, but the AF
component suppresses the metallic state in samples
0.1<x<0.15, without having a strong influence on the ch
acter of the spin dynamics.

The long-wavelength spin-wave data can be compare
the Dyson formalism of two-spin-wave interactions in
Heisenberg ferromagnet,21 which predicts that the dynamica
interaction between the spin waves gives, to leading orde
T5/2 behavior:

D~T!5D0H 12
v0l 2p

S S kBT

4pD0
D 5/2

zS 5

2D1¯J , ~1!

wherev0 is the volume of the unit cell determined by nea
est neighbors,S is the average value of the manganese sp

and z( 5
2 ) is the Riemann zeta integral.l 2 is the moment

defined by l n5(S/3D)$( l n12J( l)% which gives inform-
ation about the range of the exchange interaction. T
solid curves in Fig. 5~b! are fits to Eq.~1!, and are in good
agreement with the experimental data for temperatures
to 200 K, surprisingly close toTC . The fitted values of

l 2 give Al 2
0105(2.3760.39)b0 , and Al 2

0015(2.56
60.75)c0 , where b0 and c0 are here the distances to th
nearest neighbors (.3.896 Å), and indicate that the ex
change interaction extends significantly beyond nea
neighbors in both directions. ForT.200 K the experimen-
tally measured values ofD depart from the leading orderT5/2

dependence as expected, having rather a power-law beh
~dashed curves! and appearing to collapse asT→TC .

In the course of these measurements we have noticed
the central quasielastic peak has a strong temperature de
dence, while typically the central peak originates from we
temperature-independent nuclear incoherent scattering.
ure 6~a! shows two magnetic inelastic spectra collected
210 and 220 K, and reduced wave vectorq50.125 away
from the ~0 0 2! reciprocal point. A flat background of 0.
counts plus an elastic incoherent nuclear peak of 100 cou
measured at 10 K, have been subtracted from these data
can clearly see the development of the quasielastic com
nent, comparable in intensity to the spin waves, and
strength of this scattering is shown in Fig. 6~b! as a function
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14 918 PRB 58L. VASILIU-DOLOC et al.
of temperature. We observe a significant intensity startin
;210 K (;25 K below TC), and the scattering peaks
TC . At and aboveTC all the scattering is quasielastic. Th
appearance in the ferromagnetic phase of a quasielastic
ponent comparable in intensity to the spin waves was
served on Ca-doped polycrystalline samples8 and it has been
suggested that it is associated with the localization of theeg

electrons on the Mn31/Mn41 lattice, and that it may be re
lated to the formation of spin polarons in the system.22 We
have observed a similar anomalous behavior of the cen
peak in the strongly doped system La0.70Sr0.30MnO3,

23 but
not in the pyrochlore Tl2Mn2O7.

24 It thus appears that th
coexistence of spin-wave excitations and spin diffusion i
common characteristic for many perovskite manganites,
it raises the question about its relevance for the colossal m
netoresistance property of the perovskite manganites.

FIG. 6. ~a! Magnetic inelastic spectra collected at 210 and 2
K, and a reduced wave vectorq5(0,0,0.125). A flat background o
0.6 counts plus an elastic incoherent nuclear peak of 100 cou
measured at 10 K, have been subtracted from these data. The d
nant effect is the development of a strong quasielastic compone
the spectrum.~b! Integrated intensity versus temperature for t
central peak atq5(0,0,0.15). The quasielastic scattering starts
creasing in intensity well belowTC . AboveTC , all the scattering in
this range ofq is quasielastic.
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Large wave-vector regime

One of the major open questions in the field of dop
manganites concerns the appropriate spin Hamiltonian in
ordered state. The simplest candidate is the Heisenberg
with couplingsJi j between pairs of localized spins at sitesRi

and Rj , H52( i j Ji j Si•Sj . The double-exchange model i
the limit of large Hund’s coupling25 gives the same~cosine-
band! dispersion relation as a ferromagnetic Heisenb
model with nearest-neighbor spin exchanges, but is
pressed in terms of different parameters~electron transfer
energyt and Hund’s couplingJH , JH /t→` in this case!. In
the case ofJH finite, however, the double-exchange mod
does not provide an analytical form of the dispersion relat
that can be readily compared to the experimental data.
simplicity reasons, we have compared our data to
Heisenberg model.

The spin-wave excitations have been measured to
zone boundary, and the dispersion curves at 10 K for
~0,1,0! and ~0,0,1! directions are plotted in Fig. 7. The soli
curves are the Heisenberg model with a ferromagn
nearest-neighbor couplingJ1S53.5560.06 meV obtained
from a fit in which all the data were given the same weig
If we perform a fit giving more weight to the low-q data
~where the spin-wave excitations are well defined and
energies have been obtained from high-resolution meas
ments!, we obtainJ1S53.0060.02 meV, and the result is
depicted by the dashed curves. The magnon bandwidth
double-exchange model for large Hund’s coupling25 JH→`
would then beESW[24J1S585.2 meV. Using a spherica
free-electron model Fermi surface, we estimate an elec
transfer energyt50.11 eV. The overall agreement is reaso
able in the first case~solid curves!, except for a region of
intermediate energies belowq50.5, while in the second cas
~dashed curves! the agreement is excellent at low energie
but becomes poor forq>0.5. In the~0,0,1! direction we see
the manifestation of an additional feature: the opening o
small gap in the spin-wave spectrum atq50.5, which is
likely related to the presence of the odd-integer superlat

0

ts,
mi-
in

-

FIG. 7. Spin-wave dispersion along~0,1,0! and~0,0,1! measured
to the zone boundary at 10 K. The solid curves are fits to a Heis
berg model withJ1S53.5560.06 meV obtained by giving all the
data the same weight. The dashed curves are fits to a Heisen
model withJ1S53.0060.02 meV obtained by favoring the low-q
data.
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peaks at (0 0l ) that appear belowTCA5205 K. It would be
interesting to check if this gap goes away aboveTCA , when
the system recovers the exact FM structure. Unfortunat
measuring spin waves above 100 K proves to be difficul
this wave-vector regime because, as we discuss below,
ing the temperature dramatically increases the spin-w
damping to the point that the larger-q magnons become il
defined for temperatures in the range ofTCA;205 K.

The overall agreement between the calculated and
served dispersion relation might suggest that the Heisen
model, or a single-band double-exchange model, provid
good description of the spin dynamics of the mangan
systems.9 However, in both models the magnons in t
ground state are eigenstates of the system. Theobserved
magnetic excitations, interestingly enough, develop large
trinsic linewidths with increasingq, even at low tempera
tures. Figures 8~a!, 8~b!, and 8~c! show for comparison en
ergy scans at differentq vectors along~0,1,0! measured at 10
K, well below TC ~235 K!. The instrumental energy resolu
tion ~taking into account the slope of the measured disp
sion relation! is 1.1, 3.1, 5.6, and 5.9 meV atq50.2, 0.3, 0.6,
and 1.0, respectively, while the observed widths are 2.4,
28.8, and 46.2 meV, respectively. To obtain quantitat
linewidths, all the data have been fit to a convolution of t
instrumental resolution function with the spin-wave cro
section. For the very large linewidths found at largeq, it is
important to correct the data for the instrumental ba
ground, which is the sum of the sample background, the

FIG. 8. Magnetic inelastic spectra collected at 10 K for reduc
wave vectors~a! q50.2 ~open circles! andq50.3 ~closed circles!,
~b! q50.6, ~c! q51.0 in the~0,1,0! direction. The magnetic exci
tations are increasingly broader withq. The solid curves are fits to
a convolution of the instrumental resolution function with the sp
wave cross section. The horizontal arrows indicate the width of
instrumental energy resolutionER . ~d! Energy scan atq51.0 at
100 K, still well belowTC , showing that the magnetic excitation
the zone boundary has broadened beyond recognition~with this
resolution!.
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neutron background and the angle-dependent backgroun
small scattering angles~which represented a real proble
only for scattering angles,15°). The fast neutron back
ground~dependent on the counting time which can be diff
ent at different energy transfers! and the angle-dependen
background have been determined by misorienting the a
lyzer crystal by 5°, and then this background has been s
tracted from the data. TheQ-independent sample back
ground has been kept fixed in the fits. At eachQ, we have
scanned a wide energy range to determine the backgro
The intrinsic linewidths obtained from the fits, assuming
damped harmonic-oscillator spectral weight function,26 are
shown in Fig. 9~a!. At the zone boundary in the~0,1,0! di-
rection the damping of the magnetic excitation is;47 meV,
comparable to the energy of the excitation, while the reso
tion width is 5.9 meV. Note that there are significant lin
widths at relatively smallq as well, but these are dwarfed b
the huge widths observed as one proceeds towards the

d

-
e

FIG. 9. ~a! Intrinsic spin-wave linewidths versusq at 10 K along
the ~0,1,0! ~closed circles! and along the~0,0,1! direction ~open
squares!. The damping at the zone boundary in the~0,1,0! direction
is ;47 meV, comparable to the spin-wave energy, but it is sma
in the~0,0,1! direction.~b! Intrinsic spin-wave linewidths versus th
expected (q,T) dependence in linear spin-wave theory. Linewidt
of spin waves forq<0.16 Å21 ~closed circles! fall quite close to a
single universal curve, whereas linewidths for 0.16,q,0.25 Å21

~open squares! deviate significantly from the expected straight lin
The low-temperature linewidths at higherq are off scale on this
plot.
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boundary. The most likely explanation for the observ
damping is a strong magnon-electron interaction due to
itinerant nature of theeg electrons associated with the ele
tron hopping and double-exchange mechanism. Howeve
a simple single-band double-exchange model the gro
state is fully polarized, and the magnon-electron interact
is forbidden by symmetry. This means that the single-part
Stoner-like excitations have a gap due to the energy dif
ence between the up-electron and down-electron bands~case
of a strong ferromagnet!. Therefore, the continuum of Stone
modes is in a higher energy region of the spin-excitat
spectrum, and the low-lying spin-wave excitations should
well defined. Only at finite temperature does a gapless m
of Stoner excitations appear, and this is expected to ha
strong damping effect on the spin-wave excitations near
zone boundary.25 The presence of the small superlatti
peaks might also have an effect on the magnon linewidths
breaking the half-metallic symmetry, but it seems very u
likely that this could provide an explanation for these e
traordinarily large linewidths at largeq. Another possible
contribution to the spin-wave damping could come from
alloy effect related to the random distribution of Mn31 and
Mn41 ions and consequent distribution of exchange inter
tions, but typically the linewidths due to alloying are qui
modest and not strongly anisotropic. Macroscopic inhom
geneities of the sample are ruled out since the magnetic
structural transitions are observed to be sharp. Measurem
in the~0,0,1! direction, on the other hand, reveal only mode
linewidths for these spin waves, as also shown in Fig. 9~a!,
and similar to those observed very recently by Hwanget al.
in Pr0.63Sr0.37MnO3.

27 The strong damping and its direction
ality that we observe suggests that hybridization effects
multiband model must be included in the description of th
materials to quantitatively explain the spin dynamics, sim
to conventional itinerant electron systems.28

As we mentioned before, there are significant lin
widths at relatively smallq as well. In the long-wavelength
regime the linewidths in spin-wave theory, due to sp
wave–spin-wave interactions, are expected to foll
G(q,T)}q4@T ln(kT/Esw)#2. Figure 9~b! shows the experi-
mentally observed spin-wave linewidths fo
La0.85Sr0.15MnO3 for q<0.25 Å21 and for temperatures be
tween 10 and 230 K. We see that the points~solid circles! for
q<0.16 Å21 fall quite close to a single universal curve. Th
indicates that spin-wave interactions dominate the linewid
in this regime. At higherq, represented by the open squar
in this figure, the data deviate strongly from the expec
straight line, and are clearly more strongly damped, eve
low temperatures. This is an interesting result in the follo
ing sense: Theq4@T ln(kT/Esw)#2 dependence predicted b
the linear spin-wave theory is the leading-order behavior
pected only in the small-q regime. For higherq, this relation
overestimates the observed linewidths, i.e., observed l
widths plotted vsq4@T ln(kT/Esw)#2 are expected to lie un
derneath the straight line. Our results show that the lin
spin-wave theory relation holds up toq.0.16 Å21, while
for higherq values the linewidths are found to sitabovethe
expected straight line, not below. We remark that for largeq
(.0.26 Å21) the linewidths are too large to be included o
the plot.
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We finally note that increasing the temperature also ha
strong effect on the spin-wave damping. AtT550 K, still
well below TC , the zone-boundary magnetic excitation a
pears to be the same as at 10 K, but at 100 K it broaden
the point of being ill defined~with this resolution!, as can be
seen in Fig. 8~d!. This behavior contrasts markedly with th
expectations for a conventional localized-spin ferromagn
and indicates that there are additional strongly temperat
dependent contributions to the spin-wave damping. T
leading-order spin-wave damping in the double-excha
model is proportional to (12m2), wherem is the reduced
magnetization,29 and at this low a temperature the expect
temperature dependence again appears to be too sma
explain these observations. A quantitative description of
spin-wave damping as a function of wave vector and te
perature in these materials represents a theoretical challe

DISCUSSION

A mean-field calculation gives for the Curie temperatu
of a localized ferromagnet a value 4J1S(S11). If we use for
S the mean spin on the manganese ions,S5 3

2 x12(12x),
we calculate a mean-field valueTC

MF5482 K. This is more
than double the experimentally measured value. But it is w
known that fluctuations reduce the Curie temperature e
for three-dimensional local moment ferromagnets. In parti
lar, for the simple cubic nearest-neighbor Heisenberg fe
magnet, fluctuations reduceTC to J1@2.90S(S11)20.36#.30

We evaluate this quantity to be 341 K, still 45% larger th
the measured value of 235 K. In other words, the Curie te
perature is inconsistent with the magnon bandwidthESW

[24J1S. For La0.85Sr0.15MnO3 we find that the magnon
bandwidth is significantly~about a factor of 2! larger than
the Curie temperature of 235 K. The large value ofJ1 deter-
mined from our neutron-scattering measurements of the s
wave spectrum indicates that this system is not localized,
has itinerant character. The renormalization ofTC from the
mean-field value in a Heisenberg Hamiltonian~which is ap-
propriate for ferromagnetic insulators or localized spin s
tems! is considered to be a good measure of the itineracy.
itinerant ferromagnet will have a lowerTC compared to the
mean-field value, but will have large values ofJ, consistent
with the present results. A calculation ofTC performed by
Furukawa within the double-exchange model~the Kondo lat-
tice model with ferromagnetic couplings! in the infinite-
dimensional approach31 reproduces the experimental resu
for La0.85Sr0.15MnO3 when using a bandwidth of the itineran
eg electrons W51.05 eV and a Hund’s couplingJH
54.2 eV. This value ofW gives a large value of the electro
transfer energyt[W/650.175 eV, which is probably a
more accurate value than the one we have previously e
mated from the magnon bandwidth using a spherical fr
electron model Fermi surface.

This manifestation of the itinerant character of the sp
system and the isotropy of the exchange interactions dem
strate that the dimensional crossover from the 2D-like pla
ferromagnetic in the low doping limit to the 3D isotrop
ferromagnetic character takes place at concentrations lo
thanx50.15, probablyx;0.1.11,12 It is remarkable that the
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metallic ferromagnetic features in the spin dynamics app
at lower doping concentrations than the compositio
insulator-metal transition atx;0.17. It is therefore conjec
tured that the insulator-metal phase boundary would h
been located atx50.1 in the La12xSrxMnO3 system, if it
were not for the spin-canting transition that suppresses
metallic conduction in samples with 0.1<x<0.15.13 It is this
itinerant character of theeg electrons, viewed as a hoppin
conduction channel implemented by the scattering of a h
te
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energy spin wave, that may be responsible for the anoma
spin-wave damping effects observed in this system.
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